Experimental results showing the agglomeration of large carbonaceous particles in a dusty plasma are reported. Experiments were performed in a capacitively coupled rf argon plasma. Acetylene was injected to produce dust particles. When a sufficient amount of nanoparticles is present in the cathodic sheath, selfexcited dust-density waves occur. The latter ones induce the motion of larger clusters, which vertically oscillate with the displacement of wave fronts. In some cases, the relative velocity of large particles was high enough to overcome the Coulomb repulsion forces, and agglomeration can be observed. The mechanisms underlying this process are discussed.
Several theoretical and experimental studies dealing with particle growth in dusty plasmas were carried out over the last few decades. These particular media can be encountered in several environments, such as planetary atmospheres, plasma processing, and fusion plasma.
In low pressure reactive plasmas, e.g., argon-acetylene plasmas, the dust growth mechanism is well described as long as particles sizes remain small [1] . In this case, acetylene dissociation produces a large amount of molecular precursors. Then, a nucleation phase occurs and nanometric particles are accumulated to a high density. Due to their great number, nanoscale particles are either weakly or not at all charged [2] . The electrostatic repulsion between single particles is thus small. It allows the beginning of a second rapid growth phase characterized by agglomeration between nanoparticles. As particles grow, their density decreases and they carry an increasing number of negative charges. When a critical size is reached, Coulomb repulsions prevent further agglomeration events and dust particles slowly grow due to the sticking of molecular species to their surface. This is the third growth phase. However, several experiments [3, 4] have reported that clusters of particles larger than this critical size can be formed in dusty plasmas. Many theoretical models were proposed in order to explain this phenomenon. For some of them, a ''shadowing force'' [5] [6] [7] due to ion collisions with dust might be large enough to overcome the electrostatic repulsion. This mechanism is likely to arise at high ion density and low pressure. Another theory lies on the ''polarizationinduced ion flux asymmetry'' model [8, 9] . In the latter case, when two particles are close enough, the electric field of a dust induces the polarization of the neighbouring dust. As a consequence, the ion fluxes towards the particle surface are asymmetric and this might lead them to agglomerate. Lastly, in a recent study by Du et al. [10] , the assumption of agglomeration induced by ''dust-density waves'' (DDWs) was reported. The authors proposed that DDWs can sufficiently accelerate the negatively charged dust particles to promote their agglomeration. If particle velocities are high enough, Coulomb repulsion can be overcome and short distance interactions (i.e., van der Walls, polarization effects, and spatial discreteness of the particle charge) could arise. Authors have checked the reliability of this assumption, but, due to its low probability, no agglomeration event (collision followed by sticking) has been directly observed during their experiments. In the present work, a dedicated experiment was built in order to observe such an event. For the first time, the agglomeration, triggered by DDWs, of large carbonaceous dust was recorded. These observations support the model proposed in Ref. [10] about large particles bonding in a low pressure plasma where DDWs occur.
In this Letter, we address carbonaceous dust cluster agglomeration in the cathodic sheath of a rf argon-C 2 H 2 plasma. To achieve this goal, a dedicated reactor with a parallel plate asymmetrically driven rf discharge at 13.56 MHz was used ( Fig. 1 ). The upper electrode (cathode) is biased through to an impedance matching network, whereas the lower electrode (anode) is grounded. We use argon gas at pressures between 50 and 500 mTorr. The delivered rf power is usually in the range of 10 to 50 W. In order to produce dust, acetylene gas is injected inside the reaction chamber. Gases are continuously injected and pumped from the top and bottom of the reactor, respectively. Gas flow rates are usually in the ratio Q Ar =Q C 2 H 2 ¼ 12 sccm=2 sccm. Unlike in Ref. [10] , there is no injection of calibrated particles in the discharge during the reported experiments. Concerning the imaging devices, the interelectrode region is illuminated by a vertical diode laser sheet at ¼ 639 nm. The electrode axis is in a cut plane of the laser sheet. The light scattered by dust particles is recorded with a Photron Fastcam-SA1 that is set perpendicularly to In this work, dust is produced by acetylene molecule dissociation instead of injecting calibrated dust particles, as done in Ref. [10] . It allows the fast generation of nanometric particles with diameters around 100 nanometers in a few seconds. The first steps of the agglomeration process presumably obey the classical model proposed by Watanabe [1] , which was previously mentioned. The particles are trapped inside the cathodic sheath through the balance between downward forces, due to electric and gravity fields, and upward force, due to the ion drag. When a sufficient density of nanometric dust particles is reached in the cathodic sheath, self-excited DDWs spontaneously occur within the dust cloud ( Fig. 2) .
DDWs are probably excited by an ion-dust streaming instability [11] [12] [13] . Waves propagate in the direction of the electric field from the plasma to the cathode. Wave fronts, corresponding to regions of high nanometric particle density, appear as bright bands on Fig. 2 . Eventually, agglomerates (large spots in Fig. 2 ) made of a high number of nanoparticles can be observed at the top of the cathodic sheath, close to the electrode. They are carried by the wave fronts, as suggested in Ref. [4] .
Each movie (see Fig. 2 ) recorded by the fast camera can be analysed with a periodgram [13] , as depicted in v DDW ¼ 15:8 cm=s. In region 2, sinusoidal trajectories of agglomerates can be seen. They correspond to the vertical oscillations of large agglomerates in the upper part of the cathodic sheath. The smallest nanoparticles cannot be detected in region 2 with the fast camera. However, light extinction measurements confirm their presence [14] . At the interface between the two regions, it can be noticed that DDW wave fronts carry the large agglomerates toward the cathode. As they are moving closer to the cathode, the electric field forces them down until they reach a new wave front. In order to better understand the agglomeration process of large dust in region 2, another periodgram focused on this area with a larger oscillation motion of dust is proposed in Fig. 4 (with the same operating conditions as in Fig. 2 ). Much information can be extracted from this plot. First, the velocities of the large dust particles during their rising and falling motions are different, the falling velocity being larger than the rising one. Then, as large dust particles are falling towards the incoming wave front just below, their motion slows down due to electrostatic repelling. When they have reached this lower wave front, they partly eject the present agglomerates, which were going up with the DDW wave front, and make them go downwards. Then, they are carried by this new wave front and restart this oscillating cycle. The movie corresponding to the motion of DDWs and aggregates is given in the Supplemental Material [15] . In addition, it can be noted that sometimes the interaction between two large dust particles leads to agglomeration. In the enlargement of Fig. 4 , two oscillating particles are probably combined into a larger one. In this particular case, both particles were going upwards, but the one underneath was moving faster than the other one. However, this observation requires further examination. Indeed, the spatial resolution of both incoming dust and of the resulting agglomerate is not entirely adequate within the periodgram plot. Thus, to support our conclusions, the tracking of such an event, considering the whole frame at each successive time step, has been done in the cathodic sheath region. In Fig. 5 , the motion of two dust particles oscillating under the effect of DDWs and their agglomeration into a larger particle is presented. The movie corresponding to this agglomeration is given in the Supplemental Material [15] . Here, dust tracking has been done with the TRACE algorithm [16] , which automatically detects the successive positions of each particle and its respective size. We obtained the size of particle 1, S 1 ¼ 2 px Â 8 px, and the size of particle 2, S 2 ¼ 2 À 3 px Â 8 px (one pixel length l px ' 29:07 m). The resulting agglomerate of characteristic size S agglo ¼ 3 À 4 px Â 16 px is a perfect superposition of the two previous ones. Let us recall that the motion of each considered particle is within the laser light sheet. This makes such an agglomeration event quite rare because clusters are frequently driven out of this plane. In the present case, the three particles move according to DDW propagation, and their vertical positions vary with time. Regarding the relative velocity between particles 1 and 2, we measured its decrease from 37 cm=s to 23 cm=s just before the clustering. Kinetic E c and Coulomb E p energies were appraised on the basis of the relative speed (particle tracking with TRACE) and the assessed charge (orbital motion limited theory) of the involved particles. It shows that, just before collision (one time step given by the temporal resolution), E c is at least one order of magnitude larger than E p . Lastly, one can notice that agglomeration is done at the extremity of the incoming particles. This point is important and was expected, as it must be the most likely location for agglomeration of large, highly charged particles [17, 18] . With this particle orientation, only a fraction of the total particle charges, located at particle extremity, are interacting. Most of the charges carried by the dust particles are shielded by the plasma species. Furthermore, several phenomena can help particles to agglomerate, such as the mechanism suggested by Goertz [19] . When two particles get closer, the overlapping of their Debye shielding clouds leads to a reduction in their charge. As a consequence, the resulting Coulomb repulsion is getting weaker. The frequency of such collision events is quite difficult to appraise. Nevertheless, at least two undisputable agglomeration events have been observed in 0.21 s. Assuming a constant agglomeration rate, the resulting number of agglomeration events could represent 30% of the total number of agglomerates within the laser sheet (with the total number around 1000 at a movie time of t ¼ 35 s). Observation at longer durations after the acetylene injection even shows that agglomerates can be structured as a long carbonaceous chain vertically oscillating in the cathodic sheath. SEM measurements achieved on agglomerates collected during experiments confirm the occurrence of a one-dimensional growth, vertical and along the electric field in the plasma sheath.
In conclusion, we have experimentally investigated the behavior of large carbonaceous particles set in motion by self-excited DDWs. The dispersion parameters of such DDWs and the motion of dust were identified for a broad range of operating conditions. With a dedicated tracking tool of cluster displacements within the plasma cathodic sheath, we have demonstrated that agglomeration of a large dust particle is possible, as suggested by the work of Du et al. [10] . In the reported case, DDWs sufficiently accelerate incoming particles to overcome the Coulomb repulsion. The resulting agglomerate preserves the shape of the initial dust particles, which were bounded at their extremities. We believe that these results can be of great interest for the community involved in the dusty plasma research.
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